In this study, black carbon from pine cone (BCPC) and acidic-modified BCPC (MBCPC) powder as a popular agricultural waste in the southeast of Iran were used for cadmium removal from aqueous solutions. The effect of various factors, such as surface chemistry and dosage of adsorbent, contact time, size of particles, initial concentration of cadmium, temperature, and pH of aqueous solutions, was investigated. The results show cadmium removal with usage of the mentioned adsorbents increased after acidic modification. It was noteworthy in this work that the removal percentage of pollutant was above 90% for suggested biosorbents. The obtained experimental data for optimum conditions were selected to model the adsorption behavior of the materials with usage of six isotherm equations via non-linear fitting method and the residual root mean square error estimation for each model. The adsorption of cadmium preferably fitted Khan and Langmuir-Freundlich isotherms for BCPC and MBCPC adsorbents, respectively. The kinetic studies via linear fitting method proved the second-order kinetic was the applicable model for the adsorption process.
INTRODUCTION
Heavy metals are used in different industries, and wastewaters from these industries have a permanent toxic effect. The release of industrial effluents containing heavy metals into natural water resources is a cause of serious environmental problems (Skiba et al. ) . Commonly used traditional methods for the removal of pollution from wastewater have been proposed by various researchers, which include chemical precipitation and filtration, chemical oxidation or reduction, electrochemical treatment, solvent extraction, reverse osmosis, ion exchange, and evaporation (Al-Zoubi et al. ; Kazeminezhad & Mosivand ). However, these methods have some disadvantages, such as high cost, incomplete metal removal, low selectivity, high energy requirements, and the production of toxic slurries that are difficult to eliminate. In contrast, adsorption has been found to be an efficient and economic technique to remove pigments, dyes, and other colorants and to control biochemical oxygen demand. Activated carbons (Piplai et al. ) and natural adsorbents, such as clays, clay minerals, cellulosic materials, chitin, and chitosan, have been used as adsorbents to treat wastewaters extensively (Vunain et al. ) . In biosorption, the inexpensive killed biomass is employed to eliminate toxic heavy metals. Also, it is particularly useful for the removal of contaminants from industrial effluents. Biosorbents are naturally prepared from abundant and/or waste biomass of algae, moss, bacteria, or fungi to form the killed biomass, while the biomass can be pretreated by washing with bases and/or acids before final drying and granulation. Biosorption is relatively quick and can be reversible. It involves a physicochemical interaction between the ion and functional groups (e.g., ketones, aldehydes, and carboxyls) present on the cell surface of microorganisms, based on processes such as physical adsorption, ion exchange, complexation, and precipitation ( Jin et al. ) . In recent years, several studies reporting using alternative low cost adsorbents for the removal of toxic metal from aqueous solutions have been reported (Pawar et al. ; Soleimanifar et al. ) . In spite of the small uptake amounts of heavy metals indicated so far by black carbons (BCs), there seems to be much room to investigate improving the adsorption capacity. BCs could still have a high potential for ionic pollutant removal in aqueous media due to their availability and easy regeneration (Borah et al. ) . Cadmium ion is one of the most toxic heavy metals, such that it has been reported to cause renal dysfunction, hypertension, lung insufficiency, bone lesions, cancer, etc. (Karri et al. ; Nemmiche & Guiraud ) . It is released into natural water from the electroplating industry; the manufacture of fertilizers, pesticides, pigments, dyes, and batteries; and textile operations (Mustapha & Halimoon ) . The drinking water guideline value recommended for this heavy metal by the World Health Organization and the American Water Works Association is 0.005 mg L À1 (Mohan et al. ). Patel et al. () used rice (Oryza sativa) and pigeon pea (Cajanus cajan) husk to remove zinc and cadmium from aqueous solutions. Javadian et al. () studied the adsorption of Cd(II) from aqueous solution using zeolite-based geopolymer, synthesized from coal fly ash. Removal of cadmium from water using natural phosphate as adsorbents was investigated by Yaacoubi et al. () .
In this work, we introduced the black carbon from pine cone (BCPC) (a common agricultural waste in the southeast of Iran), as a cheap biosorbent for cadmium removal from aqueous solutions. BCPC was modified in a harsh acidic medium (MBCPC). The effects of pH, contact time, sorbent dosage, heavy metal ion concentration and agitation rate on removal of cadmium were studied. The adsorption data for BCPC and MBCPC were studied with different isotherm equations via non-linear fitting method. The data were fitted using Freundlich, Langmuir, Langmuir-Freundlich, Redlich-Peterson, Toth, and Khan models. The kinetics of adsorption, which determines the residence time of the adsorption, is one of the significant tools to assess the efficiency of adsorption. Consequently, it is key to be able to predict the rate of cadmium adsorption as a main step to design appropriate treatment units. Four kinetic mechanisms, pseudo first-order, pseudo second-order, Elovich, and intra-particle diffusion, were investigated. Thermodynamic and kinetics factors for the process of adsorption were also calculated.
EXPERIMENTAL Instrumentation
A flame atomic absorption spectrophotometer (FAAS), Philips model PU 9110X, with an air-acetylene flame was used for determination of Cd in solutions. The light source for this element was a Cd hollow cathode lamp. The morphology of the sorbent was observed using scanning electron microscopy (SEM), Philips XL30 model with a maximum voltage of 30 kV. The Fourier-transform infrared (FT-IR) spectra were supplied in transmission mode using a Valor III (JASCO) armed with an MCT detector. The energy resolution was set to 1 cm À1 . The PCBC and chemically modified burned MPCBC (0.15 g) were thoroughly mixed with KBr powder of IR-grade, Wako, to be 1.0 wt.% and pressed into a disk of 20 mm in diameter. Brunauer-Emmett-Teller (BET) measurements for surface area of adsorbents were directed by means of micrometrics adsorption apparatus (Quantachrome instrument, model Nova 2000, USA) determining nitrogen (with purity percent 99.99%) as the analysis gas, and the adsorbents samples were slowly heated to 300 W C for 180 min under atmospheric nitrogen.
Prior to each measurement of specific surface area for precursors, the test chamber was evacuated at À196 W C for 66 min. A Metrohm 632 pH-meter equipped with a Metrohm double junction glass electrode was used for pH adjustment.
Materials and reagents
All reagents used in this study were obtained from analytical reagent grade chemicals unless specified otherwise and were obtained from Merck. Also, all aqueous solutions were prepared with double-distilled water (DDW). A known volume of acid (nitric acid) or base (sodium hydroxide) solution was added to adjust pH. The experiments of cadmium sorption were performed using aqueous solutions of initial cadmium concentration between 8.9 × 10 À2 and 8.9 × 10 À1 mmol L À1 (10 and 100 mg Cd L À1 ).
Preparation of adsorbents
The pine cone (PC), a popular agricultural waste in Sistan and Baluchestan province, was used as a sorbent in unmodified and modified forms of biosorbent. The BC was prepared from PC as follows. The PC was dried at a known temperature, burned and stored in a polyethylene vessel. The BCPC was sieved at different mesh adsorbents sizes. The BCPC was washed five times with DDW in order to remove any salts in the water. Finally, BCPC was dried at 85 W C for 12 hours. The modification of BC by an oxidation process using H 2 SO 4 /HNO 3 produces the CO, OH, and COOH groups at the defect sites. The MBCPC was prepared by mixing 20.0 g of BCPC and 100 mL of 3:1 sulfuric and nitric acid aqueous solutions. Then, the suspension was stirred for 24 hours at 9 RCF (relative centrifugal force) (for rotor with 50 mm radius) at 80 W C and neutralized by 1 M NaOH solution. The BC was oxidized in a hot concentrated acidic solution for 48 h. The solids were filtered, washed with DDW, and dried at 85 W C for 12 h.
General procedure
For the individual experiments, 0.05-0.5 g of BCPC (or MBCPC) was shaken at a constant shaking rate of 34 RCF (for rotor with 150 mm radius) for 2 hours with a 50 mL individual solution of cadmium in a 100 mL conical flask at ambient temperature. The samples were withdrawn from the flasks at different time intervals to check whether equilibrium had been attained. The amount of adsorbed cadmium on the BCPC (or MBCPC) surface was determined by variance of initial concentration and the concentration of cadmium in the mentioned filtrate solution. Parallel investigations on blank samples were used for comparison. Duplicate samples were prepared for all experimental conditions.
RESULTS AND DISCUSSION

Characterizations of adsorbents
FT-IR analysis
In order to define which functional groups were responsible for uptake of cadmium ion, an FT-IR analysis in solid phase was performed on the biosorbents. The presence of surface functional groups was further validated by FT-IR spectra ( Figure 1 ). As seen from Figure 1 , several bands were observed due to oxygen-containing groups. The band at 3,424 cm À1 was assigned to phenolic hydroxyl stretching for both biosorbents (Qiu & Ling ) . In IR spectra of both BCPC and MBCPC, weak bands were observed around 1,438 cm À1 . These bands can be assigned to the O-H in-plane deformation mode of hydroxyl group (Nakamoto ) . The band at 1,619 cm À1 represented a contribution from aromatic CQO ring stretching related to both acidic and basic groups (Chun et al. a) .
The bands at 1,090 and 800 cm À1 were assigned to aliphatic ether (C-O) stretching and aliphatic CH 2 deformation, respectively (Chun et al. b) .
SEM and BET Figure 2 shows the SEM images of the BCPC and MBCPC. SEM of the MBCPC showed the surface of the biomaterial presents some cavities throughout the surface, indicating that this material presents good characteristics to be employed as an adsorbents for metallic ion take-up, as previously reported (Pezoti et al. ) . In the SEM images, it is clear that the acid treatment changed the adsorbent morphology. The cavities could be attributed to the cohesion force of attraction generated through the introduction of BCPC and MBCPC. The surface area of the adsorbent is significantly increased with these cavities. The BET surface area of the two adsorbents BCPC and MBCPC was measured. The specific area of BCPC was 84.1 m 2 g À1 , but it increased to 124.6 m 2 g À1 for MBCPC. This result of the BET surface area of the adsorbents is in good agreement with the SEM analysis. The SEM and BET analyses provided an improved understanding and evidence in support of BCPC modification.
Parameters affecting cadmium uptake
The main factors having an influence on the efficiency of the proposed method include initial pH, adsorbents amount, contact time, size of particles, contact temperature, and cadmium ion initial concentration. They were studied to establish the optimum operating configurations.
Effect of initial solution pH on cadmium uptake
Metal adsorption was increased with increasing pH up to a certain pH value. There is a favorable pH range for the maximum adsorption of each metal on an adsorbents (Liu et al. ) . Therefore, the influence of pH was studied by batch experiments in the pH range of 2.0-8.0 for BCPC and MBCPC (Figure 3(a) ). At first, a stock solution of metal ion of desired ionic strength was prepared by mixing an appropriate amount of H 2 SO 4 and NaOH (0.01 mol L À1 ) in deionized water (pH, 6.75; specific conductivity, 0.30 × 10 À4 S m À1 ).
Each test was carried out by suspending 0.5 g of BCPC or MBCPC in 50 mL of 50 ppm cadmium solution at a certain pH and allowing the suspension to equilibrate for 120 min in a shaker bath at 34 RCF (for rotor with 150 mm radius). The effect of initial pH on the percentage of cadmium removal is illustrated in Figure 3 (a) for both adsorbents. The adsorption of cadmium ion on the MBCPC increased with an increase in pH from 2.0 to 3.0 and then was constant between pH 3.0 and 8.0. Also, the adsorption of cadmium ion on the BCPC increased with an increase in pH from 2.0 to 5.0 and then was constant between pH 5.0 and 8.0. Thus, a pH of 7.0 was chosen as the optimum pH for both adsorbents.
Effect of particle size on cadmium uptake
Particle size distribution of the studied BCPC and MBCPC samples was determined by sieving the samples manually by shaking through mesh screens with standard 40, 60, 70, 80, 100, and 200 ASTM mesh sieves for 180 min at 34 RCF (for rotor with 150 mm radius). The removal percentage of cadmium in mesh number 80 was of maximum value (Figure 3(b) ). Mesh number 80 was therefore selected as the optimum size for adsorbents. Effect of adsorbents amount on cadmium uptake
The effect of varying the BCPC and MBCPC amount between 0.05 and 0.5 g was evaluated for a fixed initial 50 ppm cadmium and equilibration time of 120 min (Figure 3(c) ). It is apparent that the equilibrium concentration of cadmium in the solution phase decreased with increasing the BCPC and MBCPC amount between 0.05 and 0.2 g due to the increased availability of surface area and therefore exchangeable sites. The equilibrium concentration of cadmium in the solution phase was approximately constant, since the fraction of removed metals from the aqueous phase increased as the adsorbents extent was increased in the batch vessel with a fixed initial metal concentration. This result was anticipated because, for a fixed initial concentration of solute, an increasing amount of adsorbents provided a better surface area (or adsorption sites). An adsorbents amount of 0.2 g was chosen as the optimum to ensure a higher removal percent of the heavy metals.
Effect of contact time on cadmium uptake
The dependence of removal percentage for cadmium upon contact time were investigated. The adsorption experiment was conducted at a known initial cadmium concentration (each 50 ppm), and 0.2 g BCPC (or MBCPC) in 50 mL of solution.
It was evident on investigating solutions that maximum adsorption percentage (>90%) was achieved almost in the first 30 min of contact (Figure 3(d) ). A further increase in the contact time had an insignificant effect on the rate of cadmium ion adsorption. The rate of cadmium removal was higher in the beginning due to a larger surface area of the adsorbents being available for metal adsorption. Thus, 30 min contact time was chosen as the optimum contact time for removal of cadmium.
Effect of contact temperature on cadmium uptake
The effect of contact temperature on cadmium removal was studied in the above optimum conditions (pH ¼ 7, 0.2 g adsorbents, 50 ppm cadmium, 30 min contact time). The results indicate that temperature change influenced the adsorption percentage of cadmium by adsorbents (Figure 3(e) ). The percentage of cadmium removal was increased with the temperature enhancement for both adsorbents. This indicated that the adsorption of cadmium on the introduced adsorbent is an endothermic process. The increase in cadmium adsorption with temperature can be due to either an increase in the number of available active surface sites for the adsorption process on the adsorbent or the desolvation of the adsorbing species, and so the decrease in the thickness of the boundary layer surrounding the adsorbent, with increasing temperature, and thus the mass transfer resistance was decreased for cadmium ions in the boundary layer (Meena et al. ) .
Effect of cadmium ion initial concentration on cadmium uptake
Finally, the effect of initial concentrations of cadmium on cadmium uptake was investigated by varying the initial concentrations of the metal ions at optimum pH value and 30 min of equilibration time. Figure 3 (f) shows cadmium uptake capacities of BCPC and MBCPC as a function of the initial concentration of heavy metal ions (in the range of 5-65 ppm). The adsorption capacities were increased with enhancing the initial concentrations of cadmium and reached stability, which represented the maximum adsorption capacity of sorbent. This increase in loading capacity of the sorbent in relation to the cadmium ion concentration can be illuminated by the high driving force for mass transfer.
Isotherm, kinetic, and thermodynamic studies
Data analysis of adsorption isotherms
The adsorption isotherms are very powerful tools for the analysis of adsorption processes. The isotherms formulate the relationship between the equilibrium concentration and the amount of adsorbate adsorbed at a constant temperature by the unit mass of adsorbents. However, due to the complex nature of liquid-phase adsorption on microporous substances, there cannot be a simple expression that is capable of describing the process. In order to investigate the isotherm of the adsorption process, Freundlich (F), Langmuir (L), Langmuir-Freundlich (L-F), Redlich-Peterson (R-P), Toth (T), and Khan (K) models were used. In this study, all the model factors were evaluated via nonlinear regression. The graphs for the cadmium adsorption from aqueous solutions using these models are given in Figure 4 . The optimization procedure requires an error function to be defined in order to be able to estimate the fit of the equation to the experimental data. Not only the correlation coefficient (R 2 ) but also the residual root mean square error (R) and the chi-square test were used to measure the goodness-of-fit (Prasad et al. ) . R can be represented by Equation (1):
where Q i is the observation from the batch experiment, q i is the estimate from the isotherm for corresponding Q i , and m shows the number of observations in the experimental isotherm. The smaller R value indicates the better curve fitting. The estimated isotherm factors and the corresponding correlation coefficient for each model are given in Table 1 . The comparison of the obtained values indicated the application of different models resulted in different values of evaluated constants as well as calculation errors. It was obvious that the curves obtained by applying all models could fittingly reproduce the experimental data. Based on results, Khan and Langmuir-Freundlich isotherms showed the lowest absolute average deviation of 0.18 for BCPC and 0.8 for MBCPC, respectively. Table 2 displays the comparison of adsorption capacity of the introduced adsorbents for Cd(II) in the present work with those of various adsorbents reported previously. The highest reported values for q max of BCPC and MBCPC in Table 1 are employed in Table 2 . The maximum adsorption capacity of MBCPC is higher than most adsorbents presented in Table 2 . Due to electrostatic adsorption of cadmium ions and functional groups on the MBCPC surface, the adsorption capacity of MBCPC is higher than that of BCPC. Thus, it can be concluded that the MBCPC has a valuable potential for the removal of Cd(II) ions from aqueous solution. 
x is amount (mg) of adsorbed mass of Cd ions, C0 and Ce are initial and equilibrium concentration (mg L À1 ) and V is test solution volume (0.05 L); m is optimum amount of adsorbent (0.2 g)), c ¼ concentration, q max ¼ sorption capacity, R ¼ residual root mean square error, n and k ¼ constants.
Kinetics of adsorption
Batch experiments were conducted to investigate the rate of adsorption of cadmium ions by BCPC and MBCPC. The kinetic adsorption data can be processed to identify the dynamics of the adsorption reaction in terms of the order of the rate constant. In order to investigate adsorption mechanisms such as diffusion control, chemical reaction, and mass transfer, several kinetic models were used at diverse experimental conditions for adsorption processes. Moreover, this is helpful for the prediction of adsorption rate, to give essential information for designing and modeling the processes. Thus, the process of heavy metal removal from the aqueous phase by adsorbents may be represented by pseudo first-order, pseudo second-order, Elovich, and intra-particle diffusion kinetic models. Batch tests were directed to explore the rate of heavy metal ion adsorption by sorbent at pH 7.0. The kinetics of cadmium adsorption is required to select the optimum operating conditions for the full-scale batch procedure. The adaptation between experimental data and the model-predicted values was expressed by the correlation coefficients (R 2 ) to the kinetics of cadmium adsorption; so that the relatively higher value can be the more applicable model.
The kinetics data were treated with the Lagergren firstorder model (Noroozifar et al. ) , which is the initial known one describing the rate of adsorption process based on the adsorption capacity. It is generally expressed as follows:
where q e and q t are the capacity of adsorption at equilibrium and at time t, respectively (mg g À1 ), and also k 1 is the rate constant for pseudo first-order adsorption (min À1 ). Equation (3) was integrated with the boundary conditions of t ¼ 0 to t ¼ t and q t ¼ 0 to q t ¼ q t and rearranged into the following linear equation:
If the pseudo first-order kinetics are appropriate, a plot of log (q e À q t ) versus t (Figure 5(a) ) should provide a linear relationship, in which k 1 and predicted q e can be obtained from the slope and intercept of the plot, respectively. The rate changes should be proportional to concentration as the first power. However, the relationship between cadmium initial concentration and rate of adsorption was not be linear. The q e experimental values did not agree with the calculated ones. This showed that the adsorption of cadmium ions onto adsorbents was not appropriate to describe the entire process and not a first-order reaction.
Generally, the kinetics of adsorption is explained by the pseudo second-order model given by Baláž et al. () as follows:
where k 2 (g mg À1 min À1 ) is the second-order rate constant of adsorption. Integrating Equation (4) for the conditions of boundary q ¼ 0 to q ¼ q t at t ¼ 0 to t ¼ t is linearized to obtain the following equation:
The second-order rate constants were employed to calculate the initial sorption rate (h), given by the following equation:
The plot of t/q t versus t should display a linear relationship if the second-order kinetics is applicable. The values of k 2 and q e were obtained from the intercept and slope of the plots of t/q t versus t. The plot of t/q t versus t is shown in Figure 5(b) . There is a good linear relationship. This shows the adsorption of cadmium ions onto adsorbents was appropriate to describe the entire process. The Elovich kinetic equation is another rate equation based on the capacity of adsorption, and is expressed as (Karimi et al. ) :
where α is the initial adsorption rate (mg g À1 min À1 ) and β is the constant of desorption (g mg À1 ) during any test. It is simplified by applying the boundary conditions: q t ¼ 0 at t ¼ 0 and q t ¼ q t at t ¼ t (Equation (8)):
If cadmium adsorption by adsorbents fits the Elovich model, a plot of q t versus ln(t) should create a linear relationship with a slope of (1/β) and an intercept of (1/β) × ln(αβ) ( Figure 5(c) ). The constants can be estimated from the slope and the intercept of the straight line. As seen from Figure 5(c) , the correlation coefficients estimated by the Elovich model were higher than that obtained from the pseudo first-order model and comparable to that estimated from the pseudo second-order model.
Adsorbate species are most likely transported from the solution bulk into the solid phase through an intra-particle diffusion process, which may frequently be the rate-limiting step in many adsorption processes (Ganesapillai & Simha ) . Equation (9) explores the possibility of intra-particle transport in this study:
where k i (mg g À1 min À1/2 ) is the intra-particle diffusion constant. Plots of t 1/2 versus q t are shown in Figure 5(d) . It is observed that linearity is not obtained for all cadmium concentrations. Thus, it cannot be stated that the intra-particle diffusion process is the unique rate-limiting step. The plots' deviation from the origin indicates there are other adsorption steps occurring in this process. The values of the kinetic constants and the correlation coefficients were considered for the different kinetic equations (Table 3 ). It was observed that the pseudo second-order model fitted with the experimental data. The linear plots of t/q t versus t showed a perfect match between q e experimental and estimated values at different initial cadmium and adsorbents concentrations with correlation coefficient R 2 ¼ 0.999, which indicates the pseudo second-order kinetic model supplied a good correlation for the adsorption of cadmium onto BCPC and MBCPC.
Based on the results, the Lagergren (pseudo first-order), Elovich, and intra-particle diffusion kinetic models did not fit the experimental data. This showed that cadmium adsorption onto BCPC and MBCPC was not appropriate to be described by these models.
Thermodynamic studies
The amount of exchanged cadmium in equilibrium state at different temperatures was employed to calculate and obtain the thermodynamic factors. Thermodynamic parameterschanges of the standard free energy (ΔG o ), enthalpy (ΔH o ), and entropy (ΔS o )were obtained using the following equations:
where K C is the constant of equilibrium, C Ae is the amount of adsorbate on the adsorbents per volume of the solution (L) at equilibrium (mg L À1 ), C Se is the equilibrium concentration of adsorbate in the aqueous solution (mg L À1 ). T is the temperature (K) of solution and R is the gas constant and is equal to 8.314 J mol À1 K À1 . ΔH o and ΔS o can be calculated from the intercept and slope of the linear plot of lnK C versus 1/T, respectively ( Figure 6) . Accordingly, the values of K C , ΔG o , ΔH o , and ΔS o parameters are reported in Table 4 . The negative values of ΔG o at all the experimental temperatures indicated the cadmium exchange by both adsorbents was spontaneous. Furthermore, the cadmium exchange had a physical feature since the free energy change can be between 0 and À8 kJ mol À1 (Awwad & Salem ) . The value of ΔH o was 15.01 and 42.24 kJ mol À1 for BCPC and MBCPC, respectively. The positive ΔH o showed the cadmium removal by adsorbents was endothermic. The positive values of ΔS o indicated the randomness was increasing with the removal of cadmium on adsorbents.
CONCLUSIONS
In this study, the successful application of derived BCPC and MBCPC for the effective removal of cadmium ions from aqueous solutions as a rapid, easy, and cheap method is confirmed. Cadmium ions were completely removed at pH higher than 3 for MBCPC and at pH 5 for BCPC after stirring for 30 min. The experimental data were examined using six adsorption models and it was found that the Khan and Langmuir-Freundlich models represented the better fitting with experimental data for BCPC and MBCPC adsorbents, respectively. The kinetic investigation demonstrated the second-order kinetic was the applicable model for the adsorption process. In this way, BCPC and MBCPC can be attractive adsorbents due to their low cost of preparation and large availability in countries where PCs grow. It was noteworthy in this work that the removal percentage of pollutant was in above 90% for suggested biosorbents. 
